Five strains of Rhizobium spp. (cowpea) formed effective nodules on green gram, black gram, pigeonpea, cowpea and guar as determined by acetylene reduction in excised roots and by measurement of plant dry weight. Hydrogen uptake (Hup) by nodules formed by different strains on these hosts was expressed only in black gram nodules. However, strain M-1 1, which is Hup-, did not show hydrogenase activity in black gram. Acetylene reduction by detached nodules of black gram increased in the presence of hydrogen. However, there was no effect of added hydrogen on acetylene reduction by nodules of other host plants. Expression of uptake hydrogenase was apparently under the control of the host plant.
INTRODUCTION
During the process of nitrogen reduction catalysed by the enzyme nitrogenase, protons are also, apparently wastefully, reduced to form H2 (Winter & Burris, 1976) . Uptake hydrogenase (Hup) can recycle H2 and thus a part of the lost energy can be recovered (Dixon, 1972; Bothe et al., 1978; Maier et al., 1978) . Schubert & Evans (1976) found that 20-40% of electron flux to nitrogenase was lost as H2 in legumes. Since energy is a major limiting factor in N 2 fixation (Hardy & Havelka, 1975) , the recycling of H2 by Hup+ strains in legumes may help to increase biological nitrogen fixation.
In agronomic trials with various legumes, significant increases in yield and total nitrogen were obtained using Hup+ strains (Hanus etal., 1979; Albrecht et a/., 1979; Lepo et a/., 1980; Pahwa & Dogra, 1983) . Although the genetic information for the synthesis of hydrogenase is present in the bacteria and is expressed in vivo under carbon limitation (Maier et al., 1978) , whether the expression of hydrogenase in the symbiosis is controlled by the bacterium or by the host plant is not clear. Gibson et al. (198 1) reported host controlled development of hydrogenase in nodules formed by Rhizobium sp. in cowpea. Similar observations were made by Lopez et al. (1983) and Bedmar et al. (1983) in bacteroids isolated from nodules of Pisum sativum and Vicia faba. We used five Rhizobium strains of the cowpea group in cross inoculation experiments with five hosts of the same group and report that the expression of the Hup phenotype is dependent on the host. Emerich et a/. (1979) found that rates of acetylene reduction by bacteroids from nodules of R. japonicum Hup+ strains were increased 300 to 500% in the presence of H,. Such strains when used as inocula performed better both under greenhouse and field conditions (Albrecht et al., 1979) . Thus we also examined the possibility that H, could influence nitrogenase activity in various symbioses.
METHODS
Bacteria. Rhizobiurn sp. strains S-24, M-1 1, Cp-3, CT-2014 and CC-1021 which were isolated from green gram, cowpea, guar and pigeonpea respectively were from the culture collection of the Department of Microbiology, H.A.U., Hisar, India. These cultures were maintained on yeast extract mannitol agar (YEMA) medium (Fred et al., 1932) and fresh cultures were used for inoculation. All these cultures except M-11 were slow growing and expressed nitrogenase activity in vivo.
Host cultivars. 
F . C . G A R G A N D O T H E R S
Plant inoculation andgrowth. Seeds of all five hosts were surface sterilized with 0.2% HgCl, and washed six times with sterilized distilled water. Seeds were inoculated with the five Rhizobium strains, sown in baked chillum jars (Dahiya & Khurana, 198 1) and placed in a greenhouse. Sterilized nitrogen-free Sloger's medium (half strength) was used to maintain the plants (Sloger, 1969) . After 30 and 40 d growth, six jars from each trealment were removed and the plants uprooted. The hydrogenase and nitrogenase activity of detached nodules in the presence and absence of H, was determined. Dry weight of shoots were determined after drying the plants at 95 "C for 24 h to constant weight.
Hydrogenase activity in nodules. For the measurement of hydrogenase activity, the nodules were detached from the roots and put into 15 x 125 mm test tubes and stoppered with Suba seals. One ml of air from each test tube was replaced with 1 ml H, giving a 10% (v/v) H, atmosphere. The amount of H z at 0, 1, 2 and 4 h was determined using a thermal conductivity detector in a gas chromatograph fitted with a Porapak N column. The liydrogenase activity was expressed as pmol Hz taken up h-' (g fresh wt of nodules)-'.
Nitrogenase assay in nodules. Excised roots with intact nodules were placed in 300 ml screw cap bottles provided with Suba seals. Thirty ml of air was removed from each bottle and replaced with 30ml C2H2. :Bottles were incubated at 28 "C for 30 min and analysed for C2Hz reduction by gas chromatography using a Porapak R column.
To determine the effect of H, on CzHz reduction, nodules were detached from the roots and C2Hr reduction determined in the presence and absence of H, as described above. Nitrogenase activity was expressed as pmol C z H 2 reduced h-l (g fresh wt of nodules)'-'.
R E S U L T S A N D D I S C U S S I O N
The five strains of Rhizobium used in this investigation formed effective nodules on all the hosts except strain S-24 with guar and Cp-3 and M-1 1 with guar and pigeonpea. The production of dry matter and C2H2 reduction by nodules formed by these strains on different hosts (Table 1) indicated that effective symbioses could be established between different strains amd hosts. Hydrogenase activities in nodules resulting from the different rhizobia were measured by H2 uptake firstly at two stages of plant growth after 30 and 40 d. Nodules formed by strains CT-2014, CC-1021, S-24 and Cp-3 gave hydrogenase activity in black gram only (Table 1 ). The nodules formed by strain M-1 1, which is Hup- (Dadarwal et al., 1982) , did not utilize H2 in black gram or any other host as expected. In hosts other than black gram, H2 uptake was also determined at 50 and 60 d of plant growth. No H2 uptake was observed in these hosts at any stage. The rhizobia from the nodules of green gram, pigeonpea, guar and cowpea were reisolated and found to be the same serologically as when inoculated. These reisolates when inoculated in black gram expressed hydrogenase. Since hydrogenase activity was expressed under cultural conditions in free-living R . japonicum (Maier et al., 1978) , Hup genes are present in the bacteria. However, the expression of Hup+ phenotype in nodules formed by R . japonicum, R . leguminosarurn and Rhizobium spp. can be controlled by the host plant (Gibson et al., 1981 ; Lopez et al., 1983; Bedmar et al., 1983) . In this investigation we have observed that several strains can form effective nodules on different hosts. When H2 uptake was measured in these nodules, the hydrogenase activity was observed in black gram only and not in any other host. Our data clearly confirm these findings for different isolates and cultivars of plants and extend the known range of hosts in which Hup is not expressed to include pigeonpea and guar. Gibson et al. (198 1) reported expression of hydrogenase activity in Vigna mungo but not in V . radiata. Lopez et al. (1983) also observed host-dependent expression of hydrogenase in bacteroids of Glycine max, V . unguiculata, Pisum sativum and Vicia faba. However, we did not observe hydrogenase activity in V . unguiculata. This may be due to varietal differences. It is possible that uptake hydrogenase protein was present in nodules of hosts other than black gram but some plant-dependent physiological function depressed its activity. Alternatively some factor from the shoot of black gram or some metabolite from the roots was translocated to root nodules which derepressed the hydrogenase protein. In reciprocal grafting experiments Gibson et al. ( I 98 1) observed that root genotype was the principal factor in determining the expression of Hup character. This is true when Hup genes are present in the bacterium, since the nodules of black gram formed by strain M-11 which is Hup-did not show hydrogenase activity.
Nitrogenase activity in bacteroids from nodules formed by Hup+ strains was increased in the presence of H, supplied exogenously (Emerich et al., 1979) . In black gram nodules formed by strains CT-2014, CC-1021 and Cp-3, nitrogenase activity was increased significantly in the presence of 10% H., but not by those formed by strains M-1 1 and S-24. There was no significant change in the nitrogenase activity of nodules of other host plants in the presence of exogenous H,. There was a direct correlation between the ATP/ADP ratio and nitrogenase activity in R. japonicum bacteroids (Emerich et al., 1979) . While there was no effect of addition of €Iz on ATP formation and CzHz reduction in Hup-strains of R . japonicum, the H2 oxidizing system benefited the nitrogen fixing process in Hup+ bacteroids. In black gram nodules formed by strains CT-2014, CC-1021 and Cp-3 there was a significant increase in the nitrogenase activity in the presence of 10% H, (Table 2 ) because the additional ATP required for nitrogenase activity was provided by H2 oxidation (Emerich et al., 1979) .
The observations in our and other related studies (Gibson et al., 1981 ; Bedmar et al., 1983 ) have significance in the improvement of plant genotypes by breeding, because the host plant can control the expression of the Hup+ phenotype in Rhizobium. Host cultivars with the Hup+ phenotype should prove useful in the conservation of energy and obtaining higher yields.
